
Attachment of Amino Groups to Polymer Surfaces 
by Radiofrequency Plasmas 

Synopsis 

1,ow t miperat iirc gaseiiis 1d:isiii:is of  ammoiii;i or t i i t  iugeti-hydrogcti inixt iires coiiLaiii 
-KH2 groiips, or  prwiii’sors t hereof, formed i i i  the plwrn:i, which esperimeiital evi- 
deiicx! sti.oiigly siiggests, ciiti add t o  various polymer sril~faces. The plasmas were es- 
t:thlished i i i  the 0.3-1..7 t o n  raiige by radiofiqiieiicy (13..>6 3IHx)  elect.r~idelcss cs- 
ritntioii at. poaei-s raiigitig from .iO to >OO \V. Samples of polypropyleiie, poly(viiiy1 
chloritlc), polytct iafliiorethyleiie, polycartxmat e, polyiirethaiie, and pcily(niethy1 met h- 
itcrylate) were iiivcstigated. All these polyriiers added amiiio groiips t.o varyiiig d o  
g i w ~  of : i i i i i i i i )  site deiisities depeiidiiig on the  rhoire of plasma paramet,ers a i d  the  
reartivity o f  the polymer itself. I n  every itistaiice the polymer was rendered more 
wettable, althoiigh i i o  qiiaiititative nettability measiiremeiits were made. Following 
the  p1nsiri:t treatment, degrees of amiiio attachmeiit to the polymer were followed mdio- 
metrically arid reported iii terms of  “heparin thicliiwscs” i e d t i i i g  from ionic hepariii 
- 358 attarhmeiit t o  c1iiateriiai.y sites piwliiced from the nmitio groups. Two implica- 
t i i i t i s  of  siich a surface mrrdific:itioii :ire t o  :idhesioii wid hlood rompat ihle materials 
p i q x i i x t  ioti. 

INTRODUCTION 

A large amount of interest has developed recently i n  t h r  study of re:ic- 
tioiis or interactions of low temperature gaseous p1:ism:is with solid sub- 
strates. This interest has been partly motivated by :icrospace research arid 
partly by the materials scicnces. Of pnrticular iiitcrcst is the nian1ier i i i  

which low temper:iture gaseous p1asm:is coiisisting of atoms, free riadic:ils. 
:tnd excited states, both ioiiic and iwntr:d, behave :it the surfacr of poly- 
meric materials. Such illtolactioils :is a i l  oxygen or helium p1:ism:i with 
polget hyleiic, Teflon, arid ii variety o f  ot h w  polymers have produced useful 
end results i n  terms of improved :idhesioiil or induced wett:ibility.2 

Surf:tce interactioiis with plasmus usually fall into three gcnernl classes 
of reaction possibilities: (1) units i i i  thc polymer can bc :ibstr:icted form 
the surface, (2 )  entities c:in he addrd to the surface from the dischargc, or 
(3)  re:irrnrigcmciit of b o d s  c:tn o w i i i ~  withill thr surface of thr  polymer 



itself. I t  is possible that more than oiic of the above re:lctioli clussc~s will 
occur concomitantly. 

The nature of plasma reactions with pol!.mer surfaces is quite different 
from those reactions induced by ionizing, y-, or P-irradiatioii procedurw. 
These latter techniques usually penetrate deep into the bulk of the polymer 
grossly affecting the bulk characteristics. 1,ow-temperature plasm:i inter- 
actions even at lorig exposure times affect materials only over a rniige of 
hundreds to several thousaiid arigstroms in depth. For example, exposuie 
of polyethylene to activated helium (100 W) for 15 min caused unsatura- 
tioii and crossliiikiiig to occur to :i depth of about 5000 8 into the surface 
r e g i o ~ i . ~ . ~  Thus, plasmas can hc regarded as a very soft, radiation source. 
.Another prime difference between plasmas and alternate surface modificw- 
tiori techniques is the greater chemical flexibility one can realize ir i  terms 
of the choice of reactant gas or mixtures for producing reactive species to 
produce various surface states. The plasma surface modification techiiiqur. 
is a dry gas-solid process usually free of secondary reactive species carisirig 
undesirable side effects. 

In the present case, the reactions of several types of polymers with Rl? 
electrodelessly excited ammonia or 1 : 2 nitrogcn,/hydrogeri mixtures ;ire rr- 
ported which suggest that  amino groups are being added to the .;iirfacc 
from species in the discharge without undue compromise of the hulk charac- 
teristics of the polymers. Such a controllable surface modification is tech- 
nologically noteworthy, sixice surface amino pendants with their associated 
polarity and reactivity can relate to areas of preparation of blood com- 
patible materials, promotion of adhesion, as well as subsequent organic 
reactions with the amino groups for other desirable end results. Thc full 
significaiicc and evaluation of thc g:iscous pl:wm:i npproacli to blood eoin- 
patible mnterials preparatioli and the t)ionicdic:il cvalu:ttioii of t h c w  111;r- 

terials will be drscribetl 

EXPERIMENTAL 

Materials 

Thc gases utilized iii the plasm:i cxpciiniciith aiid tlic stated 1)urity :ire 
:is follows: anhydrous ammoni:i (99.99%, niiii., llatheson), Iiitrogeii 
(99.997% mill., Nathcson), :ind hydrogen (99.999%, mill., JIatheson). The 
gases and reagents were used without :ittempts to purify them any further. 

The polymers investigated in this stud\- and their sources are as follo\vs: 
poly(viny1 chloride), Dayton Plastics, Clevel:md, Ohio; polptetrafluoro- 
ethylene, Dayton I'lnstics, Cleveland, Ohio; polycarboriate, Daytori l'las- 
tics, Cleveland, Ohio; polypro~)ylcnc, Coidite Corporntiori, Clevc:I;~r~~, 
Ohio; po1yiircth:iiie (1Zoyl:tr) 17. S. Roj.:il, rrrrrtl :it Ihttelle;  poly(methy1 
methacrylate) (I\or:id-A), Rohm a i i d  H:m. The  polymers rcyrrsciit cnndi- 
date materials that  are being coxisidered and evaluated for artificial heart 
fabrication by several research teams. 



Radiofrequency Equipment and Run Procedure 

The plasmas were established by electrodeless excitatioii :it rdiofre- 
clucricies.6 A crystal-coiltrolled frequency of 13..X JIHz w i s  emplo \d  
for :dl the experiments. The experimental rcquircmciits and the nature of 
the radiofrequency excitation equipment employed in this study hn\le been 
discussed elsewhere.7,Y The apparatus employed is depicted i i i  1;igure 1. 111 

the experiments irivolviiig plasmas, nondiswciated gnses iwre pnssed :it 
0.30 to 1.3 torr into it mitriifold of discharge tubes p:isbiiig bctwecii esterwtl 
r:ipncitivc excitation plates. Gas cscitati:,ii took pl:icc a t  30-500 W of I I C L  

I< 1: power delivered from the r:idiofrequciic>. gciierator (1il;G-1500, Ti.:iccl- 
Lib, a Division of LICE, Iric.). l’owcr was measured by a radiofrequciicy 
wattmeter capable of reading forward and reflected power. The difference 
i n  readings provided the net power going into the discharge. The particu- 
1;tr matching network employed permitted efficient mat chirig of the output 
impeditiicc of the generator (50 ohm) to that characteristic of the partiall>. 
ionized gas load.7 Orice ionized arid dissociated, the plasma passed into 
the 2.3 liter reactor arid encountered the five polymer samples lying as ?-ill. 

diameter circular films 1-5 mils thick on a glass support within the r c : ~  
tor. After reaction at the sample surface, the flowiiig gas quickly deaeti- 
vxted and passed out the exhaust system :is Iieutral gnses aloiig with aiiy 
product gases. Temperatures established :it the s;imple surface were mea- 
sured remotely by meails of infrared radiatioii pyronietry.’ 

The run procedure eoiisistrd of placin!; the polymer snniples on a glass 
tray which slipped into the plasma reactor in such a fashion that the five 
samples ivcre positioried directl), below each of the five iiilct tubes of thc 

IR Radiation 

0-1500 Watt 
RF Generators 

I 
13.56 MHz LA 

Flowmeters 

Fig. 1. Capacitive flow discharge appuatub with acconiptrii.\i”l:iiig RF, temperature, aud 
gas regulation asseiiiblies. 



plasma reactor. So arranged, each sample encountered ideiitical p1asm:i 
conditions, geometry, ambient temperature, etc. The pressure of the sys- 
tem was reduced to <10 p before admitting the desired ammoriiat or riitro- 
gen/hydrogen gas mixture at  the desired flow rate commensurate with the 
ultimate system pressure t,o he established. After purgiiig the system for 
10-15 min, the power from the RI: generator w a s  slowly increased, until 
the gas discharge was itiiti:itcd. Efficieiit coupling of the It]? energy to the 
gas load was immediately achieved by proper :Idjustmelit of the inductive 
"L" arid capacitive "C" controls 0 1 1  the matching network. Physically, 
the correct matching was observed by reducing the reflected power, :is read 
on the RF wattmeter, to a minimum vnluc, usually 0.5-1.0 W iri the 
200-W range or 4-10 N' in th r  SOO-W range. 

Once established, the p1asm:i coiiditioiis were quite stable, so long HS gas 
flow coriditioris remained constatit, throughout the course of the experi- 
ment. The gaseous plasma p:u.ameters that  were varied i t i  the experiments 
reported here were system pressures and residence times. l'ressures were 
varied from 0.3 to  1.5 torr, while residence times varied from three to 
fourteen hours. As a first step in the p:ir:tmctcrizatiori of the system, 
the upper limit of power level J',r,;,x was est:tblished :it which the polymers 
began to show aiiy visi Me sigiis of deformation or other ph>vsic:d compro- 
mise. These are reported i n  T:ible I for spccimcws I>.iiig pcrpetidiculnr to 
the flow discharge tubcs :ippi'oxini:itely (i i n .  f i m i  the midpoint of thc 
capacitive exciter plates, (d), in Figure 1. 

TABLE I 

Poly(viiiy1 chloride) 
I'cilgtet raflii~iriiet hylciic 
Po1ycarhoii;tt e 

Polyurethaiie 
Poly (methyl methacrylat e)  

Polyprop~lelle 

Ultimately for ail>. processing requirements, the temperature/power re- 
strictions can he relaxed by the use of cooled processing substrates acting 
:is a heat sink 011 which the polymers rest or co1it:ict. 

Surface Characterization 
Once the amirio sites were: formed :it the pol>.mer surfaco via the gascous 

plasma technique, they were thcii nmeii:iblc to  :i huhsequeiit ;ilkylatioii 
1-eactioii in solution t o  form qiiatcrn:iry :tmmoriium sites. Thr  dkyhtioii  
of the :imiiio sites on i hr  films w:is :ircwmplishrd ininirrsiiig thr  films 
for 24 hr i n  :i loo/, soltitioil of' methyl iirdidc i i i  niotliyl : i l c o I i o I . "  The quater- 
ii:iry sites woi.e t h i  c:ip:il)lc o f  f'oimirig st:iI)lc c:omplrsc> wit11 thr  iieg:t- 
tivcly charged sulf:~te estcr glwips of  hcpaiiii, :i t)lood aiiticlottiiig ageiit. 
Coiitrol samples with no plasma treatment showed Iicgligible rcactivit y 
toward the alkylating agent. 



Thc procedures for hcpariiiizatioli have been described by Falb ct al. iii 

other  report^.^ The complex which results is ioiiic in nature, arid its sta- 
bility is dependent ultimately on the structure of the quaternary salt.'" 111 
this study 1 1 0  variation in the quaternary structure is possible, since it is 
presumed that orily primary amino sites are developing 011 the polymer 
surfaces during the discharge or plasma phase of the surface treatment. 
Other gaseous plasma reactants might well lead to more optimum amino 
structures with different bonding constants toward hcpariii arid thus im- 
proved stability. 

In order to measure more quantitativcly the dcgrce of heparill :itt;Lcli- 
merit to the quaternary sites, thc use of a heparin derivative tagged with 
"B was emp1oyed.I" In this mariner the uptake of the heparin could be 
followed by the 33S activity. Couriting was performed by a L)r low beta, 
counter. Sirice the geometry of the samples mas I<non.ii (ca. 2411. diameter 
flat films) as well its the original coilcentration of the radioactive heparin 
solution, the calculation was made in which a11 effective heparin "thick- 
Iiess" (in Angstroms) bound to the surface could be derived. This value is 
expressed in subscquciit tables i l l  refererice to thc various polymers. The 
degree of hepariii attachment, reported as thicliiicsscs. is proportional to 
the original amino site density. 

RESULTS AND DISCUSSION 

Nature of the Plasma 
Ammoiiia or iiitrogeii/hydrogeii mixtures under coIiditioris of the elec- 

trodeless discharge represent a fairly complex system of neutral, ionic, free- 
radical, and atomic species. Such species as  S, H, S H ,  and SH,  :we 
generally accepted as neutral reactive intermediates in discharge, I '  riidiol- 
>4s,1z and photolysisI3 experiments with ammonia i i i  iiritrl>. the same 
ranges of energetic electron :tbuiid:tnce or gas pressure. Iii certain of thr  
latter expcrimcnts, both positive arid negative ioiis of the iieutrd inter- 
mediates are proposed. 

The plasma diagnostics for nitrogen-hydrogen mixtures have iiever becii 
studied iri ariy great detail. The riaturc of such gas compositioiis h i ~ s ,  hon- 
ever, been studied iri terms of  hydrazine synthesis, for examplc, where final 
products or degrees of conversions were investigated, but no at tclmpt has 
bccii made to uiiravel quantitatively the existence :tiid coiicciitr;ttioii of 
reactive intermediates. However, the results of this study indicate a SUE- 
c h i t  similarity exists betwcen S H ,  and SJH, plasmas to justif!. iiivoli- 
ing the same reactive iiitermediatcs in thc gas phase towards the ultimate 
form:itioii of :Lmiiio groups :It the swfacc. 

Behavior of the Various Polymers in Plasmas 

Polypropylene. 1'111y~iro~~yle1ic s h o ~  cd hepirin :it t d i m c n t  thicliiicsscs 
ns secii i i i  Table 11. So pretreatmeiit of  the polymer \vas performed except 
for a tolueiic rinse, where indicated, prior to the plasma treatment. 
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Tno significant results emerge: ( 1 )  with Sz: 2H2 (:L ratio elloser1 em- 
pirically for the reaction S, + 2H2 + ?KH,) the iittnchmerit of amino 
groups is enhanced a t  lower pressures mid longer times at higher HE' powers; 
(2) the use of KHa appcars to give :i degree of -SH, :ittachment inde- 
pciidciit of power and tiinr v:wi:itioti. Longer exposure a t  high powers 
ma)- optimize attachment. If results of  studies of  uv-irradiation of poly- 
propyle~ie '~  can be extended to rr:ictive surface irradiation with plasmas, 
then radicals and reaction :IS in cq. (1) :iw proh:ibl)- occurring a t  the surface. 

NII, 
I 

(1  1 -c I I?--cII--cI 12- - - -cI  Ir--C-(;l I ,  - - --cII,-c-CI 12- 

Plasma 
bomhnrdrnent N i l ?  

I 
CH3 

I 
CH, 

.\ttcmpts to follow the rcxtioii  via 1:JII1< (frustrated multiple intertial 
rcflcct:iticme) techiiiqucs failed i i i  that no batids attributable to S-H stretch- 
iiig or - S H 2  deformation could tie seen. This is no doubt due to modest 
coverage on  the surfacc outside the limits of detection by FJIIR. E'or 
several polymer films invwtignted i n  this htudy poor film contact is also 
buspected 21s n cause for inability to detect amino absorption bands. 

Poly(viny1 chloride) (PVC). Hot h CaCO:, filled arid unfilled I'VC were 
cbsamined. Tlir data i i i  Td) lc  111 rcf!cci that  f:tirly sigtiific:iiit uttachmctit 
c u i  be :ichicwd cmplo>%ig both pl:ism:is (if S H a  :tiid S,: 2H2 composition 
for filled po1ymei.s. I t  is :ilso :ipp:trciit that with either plasmu compositioti 
:it :Lpproxim:Ltcly 100-150 W, 360 niiii, ant1 pressures r:tiigirig from 0.3 t(i 
1 ..5 torr, maximum t hickiicsscs are being achicvrd. 111 experimeiits em- 
ploying either S H ,  or Sz: 2H, p1:ismus at very loiig residelice times, 720 
iiiiii, very h v  thickiirhsrh of  h o r i i i d  hcp:triii ~ ( w ?  achirvcd. This perhaps 
1.c4Iects rnpt iirc a i i d  fr:igiiic~rii:ttioi) id t l i v  swf:tw r n o l r c ~ 1 1 1 : i i ~  h i  riictiirr due 
I o coil t i iiuc:tl phsiii: t I )onil): t i . t l i n c i i  i i : L I I t l :il )I:i t ivv c,f'fvc: t s. 171 11 i I I ~ t l  1 )ol>.mcix 
\yere studied at, lo\vcr powcix siiice tlir.>. were tlicrnially less stable thaii 
filled polymers, i.e., began melting a t  RE' powers approaching 150 W. 

The reaction taking place at the surface of the polymer may very well 

I 
cI13 
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Filled Polyniers 
A I .i0 
A 1 .-lo 

.A IS0 
A 1 30 
A l.iO 
I3 1 .50 
1% 1.50 
c: 100 

A 7 .i 
13 7 .5 
A 100 

I,’iifillcd polyni~i 

I so 
:%XI 
I$O 
:Hi0  
720 
360 
720 
3 G 0  

1 so 
1 so 
:<GO 

u . 3  
0 :< 
1 . o  
1 . 0 
1 . o  
1 . 0 
1 . o  
I . .i 

I). :3 
0 .  :Jl 
1 . 5  

90 
no 

.-lo 

110 
75 
40 

- -  
. > . I  

- -  
i .> 

4” 
:;2 
YO 

he that of salt formation due to clicmisorliccl H<‘1 fotmirrl froin hytlrogcti 
mid chloriric atoms [eqs. (2)-(3) 1. 

FNIR spectra show an  intense absorption occurring a t  3137 arid ,3040 
cm-I, indicative of SHJf  type structures. Good surfucc contact iii thc 
F3IIR cell was nchieved with PVC samples. 

l’olyurethune :is received :ind :is pretrc:itcd I\ ith ;I hot 
methariolic rime was exposed to varJ.irig coiiditioiis of p1:ism:is. Thv dis- 
charge conditions which gave the m:iximum thickness of hrpxriii orrurrrtl 
with K2: 2H2 plasmas and are summarized in Table IV. 

Other samples treated at  longer times (720 min) and lower presswes gave 
thicknesses on the order of 13 b, perhaps due to simi1:ir :ihl;itive effects 
observed in PVC. 

Polycarbonate (PC) and Poly(methy1 Methacrylate) (PMM). The d:bta 
in Table V helps to confirm that hvttcr amino :ittachmcnt is o h t i n c d  morc 
generally with Sp:t)H2 plasma!, rather t h m  with pure ammoiiia. It is in- 
conclusive a t  this moment whether time or pressure at givrii pmvcr lcvcls 
Iiavc the greatest iiifluencr on umiiio attachmrnt. 

OIIC night  predict th:it -SHp iiiscrtioii into thc surfxcs  of  1’C :Lri(l I’AIA‘I 

Polyurethane. 
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TABIJC \. 
Plasma Ilent-tiims with PC ~ i i d  P.\L.\I 

Pre- I';xp""lll'c H i i i f  w e  I ieparii i 
(ins trent- Power, liine, I'i.essiire, lernp t ~ t ~ i ~ n d ,  

Polymer type' iiieiitl8 w rniri Ilwr T, "<: A 

\i.ould follow arialogous pathways for ulterrint,e methods of introducing 
these groups by solution tcchnic~uesY~ln or fmm predicticms as to radical 
recombiriatioii sites developing in the polymer surface after -y-irradiatioxi.Is 
The exact structural details for - S H 2  groups residing in these polymers 
is not known at present and would require further kiiictic investigation. 

With I'TI'E, urisuturutiori sites are 
doubtleasly develq~ing at  the surface due t i i  plasmit bombardment, I dong 
with amino sitrs. Ctrver:iges ~ i t h  hcpariri iippcar miidcst ~ i t h  most of the 
discharge cii~iditiri~is cmplriycd. As Tablc V I  indicates, thci-c is 11(1 pro- 
xiounccd differericc between S H 3  wid Sz: 2H2 plasmus to add timixio groups, 
althouRh there is some modest indication that S H a  may he slightly morc 
eff ec tivc. 

T h r  mechanism of 
-SH, groups entering the surfiice \vould ilivoke pl:isni:L bombardment 
formiiig -CFZ-CF- surface r:idicals which suhscquriitly crimbilir with 
. S H ,  radicals in the p1;wm:i. 

Polytetrafluoroethylene (PTFE). 

S o  IWIIt detection of -SH2 groups wits ohscrved. 
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CONCLUSIONS 

Results from this study demonstrate that amino groups geiicrated in 
low temperature, gaseous plasmas can be introduced into the surface struc- 
ture of several types of polymers. This hurfnce modification via a dry gas- 
d i d  reaction approach provides definite advantages for certain end uses 
of these polymcrs. One ma?. desire to add functionality to a surface which 
is riot i t i  contact with a chemically reacting solution containing marig secon- 
dary species. These spccies can permeate into the surface region of the 
polymer resulting i n  undesirable chemical or mech:mical cffects rehtiiig to 
adhesioii, biomedical factors, or  othcr problems where the questioii of the 
interface or good interfacial coiitact is higtiificarit. 

Although the data derived iii this study iiidicate that amino groups :ire 
heiiig added to the surface, there is still the requirement iii some iiist:iiices 
that even greater amounts of amiiio sites be developed. 111 every cahe tho 
plasma treatment led to  heparin biiidirig which retarded the coagulation of 
blood, but did not prevent it. Thus the full optimization of plasma dis- 
charge conditions-power, pressure, residence time as well as the composi- 
tion of the st:irtiiig gas-requires flirt hcr refiiiement, aiid presumably n.ould 
have to be studied with respect to each i1idividu:d polymer. 

I t  appears also that the Ion-temperature plxsmu approach should offer 
:I great amourit of potential to add other than amino groups to surfaces de- 
peiidirig 011 the iiature of reactive intermediates existing within the plasma. 
To date studies with plasmas interacting with polymer surfaces have been 
largely coriceriied with oxidative or crosslinking processes. Experiments 
with othcr iiitroReii-coiit:~iriirig gases, as n.ell as sulfur, halogen, or nlkyl 
plasmasIfi should provide profitable research :iveiiues. 

Thi. + t i d y  wii+ *lipported i i i  part h? the X:itii)i~:il Heal t In+titiitr, Naticliinl 1ii.t i- 
I i i t e*  ot firdtli, Coii t ixvt  XI).  PI1 4;;44-4!16. 
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